Diverticulitis is a chronic disease of the colon in which diverticuli, or outpouching through the colonic wall, become inflamed. Although recent observations suggest that genetic factors may play a significant role in diverticulitis, few genes have yet been implicated in disease pathogenesis and familial cases are uncommon. Here, we report results of whole exome sequencing performed on members from a single multi-generational family with early onset diverticulitis in order to identify a genetic component of the disease. We identified a rare single nucleotide variant in the laminin b 4 gene (LAMB4) that segregated with disease in a dominant pattern and causes a damaging missense substitution (D435N). Targeted sequencing of LAMB4 in 148 non-familial and unrelated sporadic diverticulitis patients identified two additional rare variants in the gene. Immunohistochemistry indicated that LAMB4 localizes to the myenteric plexus of colonic tissue and patients harboring LAMB4 variants exhibited reduced LAMB4 protein levels relative to controls. Laminins are constituents of the extracellular matrix and play a major role in regulating the development and function of the enteric nervous system. Reduced LAMB4 levels may therefore alter innervation and morphology of the enteric nervous system, which may contribute to colonic dysmotility associated with diverticulitis.
Introduction
Diverticulosis is characterized by diverticuli, which are herniations of the mucosal and submucosal layers of the colon through the muscular component of the bowel wall. Inflamed diverticuli result in diverticulitis (1, 2) . Only a subset of those with diverticulosis (1-4%) develop diverticulitis as assessed over an 11 year follow up study (3) . These patients may need surgery if medical management fails (4) . Diverticulosis is a common condition that increases in prevalence with age, affecting <5% of those under 40 but approximately 50% of people over 70 years of age (5, 6) . Diverticulitis tends to have a more severe clinical course in younger patients (7) .
Both genetic and environmental factors appear to play a role in the susceptibility to diverticulitis. Family and twin studies suggest that genetic predisposition may account for 40-53% of disease incidence (8) (9) (10) (11) . However, TNFSF15 is the only gene that has been associated with the pathogenesis of diverticulitis to date (12) . Cases of familial diverticulitis with early age of onset also suggest the existence of rare, highly penetrant variants predisposing individuals to the disease (13) . Thus, the identification of families with multiple affected members with early age of onset provides an opportunity to investigate the genetic basis of diverticulitis.
The pathophysiology of diverticulitis offers several hypotheses for the underlying etiology of the disease (12) . Diverticulosis is a prerequisite for diverticulitis. Alterations to the basement membrane and extracellular matrix can contribute to the development of diverticuli (14, 15) . Individuals with diverticulosis may be asymptomatic, but the diverticuli may develop a chronic low-grade inflammatory state (16) . Subsequent inflammation of the diverticuli results in abdominal tenderness, alterations in bowel elimination, abdominal swelling and often fever (17) . Such inflamed diverticuli can progress to the point of abscess formation or perforation, which may require surgical intervention. Genetic factors could contribute to the disease pathogenesis at several steps, from the development of the diverticuli themselves, to the subsequent complication of abscess formation, and/or increased susceptibility to the inflammatory process (12) .
The laminin family of heterotrimeric glycoproteins comprises major constituents of the extracellular matrix. Each laminin molecule contains one a-, one b-, and one c-chain subunit and each subunit is encoded by multiple distinct genes (18) . Laminins perform a variety of functions, including mechanical scaffolding for tissues, cellular adhesion, differentiation, neuronal development and regulation of gene expression (19, 20) . In particular, laminins play a major role in regulating the enteric nervous system (21, 22) . Abnormal functioning of the enteric nervous system has been previously associated with diverticulitis (23) .
In this study, we used exome sequencing to identify a rare single nucleotide variant (SNV) missense mutation in LAMB4 that caused a D435N substitution that encodes one of the b chains of laminin. This variant segregated with disease presentation in a pedigree with several members diagnosed with early onset diverticulitis. Subsequent targeted sequencing of LAMB4 in 148 non-familial, sporadic diverticulitis patients identified additional variants. We found that individuals harboring some of these variants displayed decreased LAMB4 protein levels within the myenteric plexus of their colonic tissue. These findings suggest that certain SNVs in LAMB4 contribute to altered intestinal innervation of the enteric nervous system affecting colonic motility and therefore possibly predisposing patients to diverticulosis and consequently diverticulitis.
Results
Exome sequencing identified a rare variant in the LAMB4 gene that segregated with diverticulitis
We identified and recruited members of a family who showed an autosomal dominant pattern of inheritance of early onset diverticulitis (Fig. 1) . Five DNA samples from the blood of three affected and two unaffected members of the family were collected and exome sequenced in order to identify SNVs that segregated with disease. The average read depth was 25X across the exons of all five patients. Variant calling identified approximately 366,000 SNVs per patient, which was reduced to approximately 60,000 variants per patient after filtering for a read depth of at least 10, a genotype quality score of at least 15, and read ratios for variant calls of 0.20 for reference/reference, 0.35 to 0.65 for variant/reference, and 0.80 for variant/variant, respectively. Retaining only SNVs that segregated with diverticulitis reduced the number to 1765 variants. Excluding non-coding and synonymous coding SNVs reduced the number to 213. Since cases of early onset diverticulitis are relatively rare (5, 6) , only SNVs present in less than 5% of a racially comparable population were considered, yielding 6 variants at a population frequency of 1 -5%, 20 at a frequency of <1%, and 6 that have no reported population frequency (Supplementary Material, Table S1 ).
To focus on those variants likely to have phenotypic consequences, we examined the scaled CADD scores for each of the 32 variants with population frequencies under 5%. We focused on the 10 variants that were predicted to be the most damaging (Table 1 ). In particular, we focused on LAMB4, since it is selectively expressed in the colon and is known to be altered in other diseases affecting the gastrointestinal tract (24) . LAMB4 encodes one of the b-subunits of laminin, which are trimeric proteins containing one each of the a-, b-, and c-chain subunits. Laminins play a major role in the proper functioning of the enteric nervous system, further suggesting its potential involvement in diverticulitis (25, 26) . The LAMB4 variant at position 107738905 on chromosome 7 is predicted to cause an aspartate (D) to asparagine (N) transition at amino acid 435 with a scaled CADD score of 23.9 (Table 1) . DNA isolated from the proband (patient III:4) and the four other family members in the study were subjected to Sanger sequencing to confirm the results of exome sequencing (Supplementary Material, Fig. S1 ).
LAMB4 variants are associated with decreased LAMB4 protein expression in colonic myenteric plexus
In order to address the role of LAMB4 in the colon and to assess the consequence of the D435N variant on LAMB4 function, we examined LAMB4 expression in the colon by immunohistochemistry. Prior to conducting immunohistochemical analysis, we confirmed the specificity of our antibodies and found that staining using only primary or secondary antibodies produced no signal (Supplementary Material, Fig. S2 ). Moreover, the anti-LAMB4 antibody detected LAMB4 protein in an immunoblot analysis of HEK293 cells that were transiently transfected with a plasmid expressing LAMB4 cDNA but not in cells transfected with the vector alone (Supplementary Material, Fig. S3 ). We determined the distribution and abundance of LAMB4 by conducting immunohistochemical analysis of four controls, non-diseased colonic tissues. We noted a strong staining pattern of LAMB4 protein that was consistent with location to the myenteric plexus ( Fig. 2A-C) . This localization was confirmed in a higher magnification image and by staining of a subsequent tissue section with the glial cell marker S100 (Fig. 2C) . We found that LAMB4 staining within the myenteric plexus localized to the endoneurium rather than the epineurium, which was defined by staining for Collagen IV (Supplementary Material, Fig.  S4 ) (27) . This localization pattern for LAMB4 is consistent with a previous report that localized laminin in the myenteric plexus (28) . No staining of LAMB4 was observed in the submucosal plexus or epithelial layers of the colon. Immunohistochemical analysis of colon tissue from the index patient in the recruited family also found that LAMB4 localized to the myenteric plexus ( Fig. 2D-F) . However, the intensity of the staining was noticeably decreased in the index patient tissue compared to the control tissues.
Additional rare LAMB4 variants are present in sporadic diverticulitis patients
To determine whether patients with sporadic diverticulitis also harbored variants in LAMB4, we performed targeted sequencing of the LAMB4 gene on DNA isolated from blood or saliva of 148 patients who had confirmed diverticulitis with no reported family history of the disease as well as the 5 members of the family examined in this study. We found that 52 of the 153 individuals (34%) carried one of nine different nonsynonymous coding variants in LAMB4 (Table 2 and Fig. 3 ). Six of the variants: rs2074749, rs2240445, rs147992634, rs149874137, rs9690688, and rs1627354 have been previously identified and were present at a frequency consistent with the minor allele frequency of those variants in the general population (Exome Aggregation Consortium (ExAC), Cambridge, MA (http://exac.broadinstitute.org; date last accessed May 30, 2017)) ( Table 2 ) (29). However, the ExAC database consists of 60,706 unrelated individuals sequenced as part of various disease-specific and population genetic studies who were not phenotyped for diverticulitis, thus it is not known whether the individuals with these variants in ExAC have or will develop diverticulitis. Three variants had not been previously reported in dbSNP and were therefore over-represented in the 153 diverticulitis patients that underwent targeted sequencing.
Patients with diverticulitis and variants in LAMB4 showed decreased expression of LAMB4 in the myenteric plexus
We next determined whether the potentially damaging variants we identified in LAMB4 affected either the localization or levels of LAMB4 using indirect immunofluorescence of resected sigmoid colon tissue sections. We assessed tissues from eleven sporadic cases of diverticulitis lacking LAMB4 variants and tissues from five sporadic cases with a missense variant in LAMB4. Tissue from index patient with the damaging variant in LAMB4 was also examined. Colonic tissue samples from the other four family members were not available. Finally, we examined LAMB4 levels in tissue from four control patients without diverticulitis or variants in LAMB4. These patients did not have colorectal cancer (CRC), as LAMB4 levels are decreased in CRC (24), a finding we confirmed in CRC tissues in our bank (data not shown). In comparison to controls, the intensity and staining pattern of LAMB4 staining were unaffected in the sporadic patients lacking LAMB4 variants (compare Fig. 4A1 and A2) . However, the intensity of LAMB4 staining was significantly decreased in tissue from a sporadic cases that contained the rs2074749 variant in LAMB4 and was essentially absent in tissue from the proband (Fig. 4A3 and A4 ). When the staining levels were combined and averaged, individuals carrying LAMB4 variants were significantly lower than controls (P < 0.0001, as determined by posthoc Tukey-Kramer HSD pairwise comparisons, Fig. 4B ). Interestingly, when we performed the same analysis on tissue from patients with sporadic diverticulitis but no variants in LAMB4, we noted a similar decrease in the intensity of LAMB4 staining (Sporadic vs Control P ¼ 0.0028, Fig. 4B ). We observed that patients with diverticulitis and no variants in LAMB4 displayed higher levels of LAMB4 than patients with diverticulitis and variants in LAMB4; however, this trend did not reach statistical significance (P ¼ 0.0728) (Fig. 4B) . Tissue from the index patient from our study family had the lowest level of LAMB4 expression observed (Fig. 4C, patient 1) .
We also noted a trend in the correlation of CADD score of the LAMB4 variant with age of diverticulitis diagnosis in patients carrying a LAMB4 variant, with higher CADD scores trending toward an earlier age of diverticulitis diagnosis within our cohort (P <0.065) (Supplementary Material, Fig. S5A ). However, the abundance of LAMB4 protein expression as characterized by the intensity of LAMB4 staining did not significantly correlate with the CADD score of the variant (P ¼ 0.7127) (Supplementary Material, Fig. S5B ) or the ages of diagnosis for patients with variants in LAMB4 (P ¼ 0.7557) (Supplementary Material, Fig. S5C) . Thus, not all variants in LAMB4 have a pathological effect, which is not surprising given the frequency of their occurrence in the population relative to the prevalence of diverticulitis.
Discussion
In order to identify variants associated with diverticulitis, we performed exome-sequencing analysis of five members of a family in which the disease occurred with early ages of onset in multiple members over at least three generations. Given the apparent low frequency of diverticulitis pedigrees with a Mendelian pattern of inheritance, our hypothesis was that a dominant acting highly penetrant rare variant would underlie the susceptibility to disease in this family. We identified rare and low minor allele frequency variants in several genes that segregated with disease, so we cannot unequivocally assign a causative mutation from these results alone. However, we focused on the LAMB4 SNV because prior studies have shown that LAMB4 protein is expressed predominantly in the colon and specifically in the myenteric plexus (30) . This expression pattern (31) (32) (33) . A second reason to suspect the LAMB4 as a potential causative allele was that somatic mutations of LAMB4 are present in a number of colon carcinomas, suggesting that LAMB4 plays a significant role in normal colonic function (24) . This is the only prior reported association of LAMB4 with any disease. Finally, the LAMB4 SNV had the strongest prediction for a damaging effect on protein function based on the CADD score of the rarest (<0.1 MAF) SNVs. Our immunofluorescent analysis of LAMB4 confirmed that the protein was localized to the myenteric plexus and the level of the protein was reduced in patients with diverticulitis and further reduced in patients carrying variants of LAMB4. The control and sporadic diverticulitis patients without variants in LAMB4 showed considerably less variation in LAMB4 abundance compared to patients with variants in LAMB4.
The pattern of early onset diverticulitis in the index family was consistent with an autosomal dominant pattern of inheritance, suggesting that the affecting allele should be present in as heterozygote in the affected members of the pedigree, as was the case for LAMB4 D435N variant. This raises the question as to the mechanism that would yield a dominant phenotype for a heterozygous missense variant, for which our expression data suggests an explanation. Three of the LAMB4 SNVs identified were associated with normal levels of the protein in the myenteric plexus in colonic sections, while two yielded approximately half as much protein as seen in normal tissue, as might be expected from haplo-insufficiency due to a loss of function allele (Supplementary Material, Fig. S5B ) . In contrast, the D435N variant was associated with substantially reduced LAMB4 levels, suggesting that the variant protein interfered with the expression of the wild type protein in a dominant negative manner, leading to complete loss of gene function even though the variant was only present in one allele. Further mechanistic studies will be required to test that hypothesis.
LAMB4 is a subunit of laminin, a major component of the extracellular matrix (ECM), which provides structural support for tissues, facilitates extracellular signaling between cells, and promotes cellular differentiation (34, 35) . In particular, the ECM potentiates signaling during development of the enteric nervous system (ENS) (21) such that alterations within the ECM disrupt the development of the ENS (36, 37) . The ENS initially develops from neural crest cells (NCCs) (38, 39) , which differentiate and follow particular migration paths to innervate the developing gut (40, 41) . The ECM helps to regulate the migration pattern of NCCs (42, 43) . Dysfunctional differentiation of NCCs is associated with congenital disorders of the ENS such as Hirschsprung's disease (37, 44) . The role of laminins in the development of the ENS is also supported by the temporal expression of the laminin receptor, which occurs in NCCs only when they reach the bowel (45-47). Thus, diminished or altered function of LAMB4 might be expected to result in reduced elaboration of the ENS and a corresponding alteration in normal gut motility.
Altered motility and variations in luminal colonic pressure are known to contribute to the pathogenesis of diverticulosis (48, 49) . Altered activity of the sigmoid colon in diverticulosis was originally demonstrated by Arfwidsson in 1964 (50) and more recently confirmed by Bassotti et al. (51) . Sigmoid diverticulosis has been shown to be associated with increased intraluminal pressure (52) . Moreover, the neuromuscular interactions between the colonic muscles and the ENS are often morphologically different in patients with diverticulitis (53, 54) . In particular, the number of glial cells and interstitial cells of Cajal of the myenteric plexus, external submucosal plexus and internal submucosal plexus are reduced in patients with diverticulosis and diverticulitis (33, 55, 56) . These observations support the role of altered colonic pressure and motility in diverticulosis onset and progression and provide a mechanism by which LAMB4 dysfunction could increase the likelihood of diverticulitis by causing diverticulosis at an earlier age.
LAMB4 variants may therefore contribute to the development and predisposition of diverticulosis through effects on the organization and morphology of the myenteric plexus during development of the ENS with subsequent effects on the motility of the gut. Laminins are important for proper glial cell function within the myenteric plexus, and therefore alterations in LAMB4 function or expression could contribute to the observed loss of glial cells in diverticulitis and chronic dysmotility of the gut (57) . However, LAMB4 is only one of a complex network of proteins that comprise the ECM and that contribute to the development and function of the ENS, thus variants in other genes almost certainly play a role and similarly may contribute to the pathogenesis of diverticulosis.
We cannot exclude that variants in exonic or non-exonic regions not interrogated in our exome analysis were missed. Discovery of these potential variants would require whole genome sequencing. However, LAMB4 has significant biological support as a diverticulitis candidate gene, the predicted damaging D435N variant segregated with disease and was not found in 148 sporadic diverticulitis patients, suggesting that the D435N variant is a rare private mutation, perhaps specific to the family analyzed. In addition, we did find two other rare LAMB4 SNVs predicted to be damaging in sporadic diverticulitis patients. We believe our data support future studies on determining the precise role of LAMB4 and the D435N missense variant in diverticulitis.
Materials and Methods

Patients and samples
Samples were obtained from The Penn State Health Inflammatory Bowel Disease Center biorepository, which contains a large collection of blood and surgical tissue samples acquired for research from patients with diverticulitis. The biorepository also contains samples from control patients confirmed clinically not to have diverticular disease. The index case for this study was a 36 yr old male who required surgery for early onset diverticulitis. Two family members from different generations also had early onset diverticulitis. Blood samples were collected from the proband and four family members, two diagnosed with diverticulitis at 50 yr and 52 yr of age, respectively, and two with no clinical evidence of diverticulosis/diverticulitis. Genomic DNA was extracted from blood using the NucleoSpin Blood L Kit (Macherey-Nagel, Cat No. 
Whole exome sequencing
Genomic DNA samples were sheared to an average length of 260 bp using a E220 focused-ultrasonicator (Covaris). End repair, ligation of adapters and index sequences and fragment amplification were performed on 0.5 -1 mg of sheared DNA in an Apollo 324 NGS Library Prep System (Wafergen). Exonic sequences were enriched by hybridization capture of the amplified and indexed samples using a NimbleGen 64 Mb exon capture kit (Roche) with 2.1 million probes and then sequenced using a HiSeq 2500 (Illumina) in rapid mode with paired end 100 bp read lengths.
Bioinformatics pipeline
Single nucleotide variants (SNVs) were identified using the Genome Analysis Tool Kit (GATK) (58) bioinformatics pipeline, which first assessed FASTQ files for quality by FastQC (http:// www.bioinformatics.babraham.ac.uk/projects/fastqc/; date last accessed May 31, 2017) software and then aligned reads to the hg19 reference human genome with the Burrows-Wheeler Aligner (59) . The aligned files were converted to SAM (Sequence Alignment/Map) and BAM (binary Alignment/Map) formats and PCR duplicates removed with Picard (http://picard.sourceforge. net; date last accessed May 31, 2017) . The pipeline then performed local realignment around indels using local realignment tools from the GATK and then recalibrated the base quality score with CountCovariates and TableRecalibration from GATK.
SNVs were called with GATK UnifiedGenotyper and saved as an output VCF file.
Variant filtering
SNVs were filtered using SNP & Variation Suite v8.4 (Golden Helix, Inc., Bozeman, MT, www.goldenhelix.com). SNVs were filtered by excluding those whose minor allele frequency was greater than 5% in the admixed AMR super population from the 1000 Genomes Project Consortium (60) . SNVs that did not segregate with diverticulitis were also excluded. A protein damaging likelihood score was assigned to each remaining SNVs based on CADD analysis and those with a scaled CADD score over 10 (most highly damaging) were retained (61).
Targeted and confirmation sequencing
Sequencing of the LAMB4 gene in 148 sporadic cases of diverticulitis and the 5 recruited familial patients was performed using the Seq-Ready TE SmartChip Multisample nano dispenser (Wafergen) and SmartChip TE PCR cycler (Wafergen). The sporadic cases ranged in age of surgery from 30 to 83 years with an average age of 57 years and were 52% female and 48% male. The custom amplicon set was designed for the exons of ENSG00000091128 (LAMB4). The resultant amplicons were sequenced on a MiSeq (Illumina) platform using 2 X 250 bp read lengths. The SNVs identified in LAMB4 from this group were confirmed using Sanger sequencing (Supplementary Material, Fig. S1 ). The primers used are listed in Supplementary Material, Table S2 .
Immunohistochemistry of LAMB4
Banked colonic tissue samples were collected after surgical resection with portions of the bowel sectioned by a pathologist and fixed in formalin solution within 60 min of resection. Fixed samples were then embedded in paraffin and sectioned on to glass slides by the Penn State Hershey Molecular and Histopathology Core. Sigmoid colon tissue samples from six diverticulitis patients with variants in LAMB4 and eleven diverticulitis patients who did not have variants in LAMB4 were assessed. Four sigmoid colon tissue samples were collected from patients with a traumatic injury or cancer not affecting the colon and without a history of diverticulitis or colon cancer and who did not carry any of the identified LAMB4 variants. Slides with colon tissue sections from patients and controls were incubated for 1 h at 50 C and deparaffinized and hydrated by two washes of 100% xylene, two washes of 100% EtOH, two washes of 95% EtOH, two washes of 75% EtOH, and three washes of deionized H 2 O for 2 min per wash. Antigen retrieval was performed in a rice cooker using a 10 mM sodium citrate buffer (Sigma-Aldrich, Cat #C9999), pH 6.0, at 95 C for 20 min. The slides were removed and allowed to cool for 20 min.
To minimize background staining, slides were washed in deionized water, followed by a wash buffer (0.3% Tween 20 in 1X PBS), and incubated in a humidity chamber with Ultravision Protein Block (Thermofisher scientific Cat #PBQ 150602) for 5 min. Slides were then washed twice in wash buffer and incubated with the primary antibody diluted in 2% bovine serum albumin (BSA) (Supplementary Material, Table S3 ) for 1 h at room temperature. After another three washes with wash buffer, samples were incubated for 2 h either with fluorescent labeled or HRP conjugated secondary antibodies diluted in 2% BSA (Supplementary Material, Table S3 ). Following the incubation, fluorescent-labeled slides were washed twice with wash buffer followed by three washes with deionized water. Slides used for immunohistochemistry were developed using DAB (Vector Cat #Sk-4100) and counterstained using hematoxylin (Thermofisher, scientific Cat #TA-125-MH). Slides were then washed three times with water, twice in 75% EtOH, twice in 95% EtOH, twice in 100% EtOH, and twice in 100% Xylene. Coverslips were mounted using hardset mounting medium with DAPI (Vector, Burlingame, CA). S100 immunohistological staining was done using a DAKO autostainer.
Quantification of images
Images were captured using Deltavision (Applied Biosystems; Olympus IX71) as 20 z sections with 0.4 mm spacing using a 20X objective lens. Cy-5, FITC, and DAPI excitation and emission filters were used with exposure times and percent transmission of: 1 s and 32%, 0.5 s and 10%, and 0.08 and 10%, respectively. Images were deconvolved and projected using softWoRx 5.5 imaging analysis system and exported as tiff files. The tiff files were then analyzed using Image J software (62) . Myenteric plexus were identified using the S100 marker in the red channel, and the average intensity was measured within and outside the plexus of each image. The values for the plexus were obtained by subtracting the background value from the intensity value over each plexus. For each patient, we calculated the protein level in all available (average of 13) plexus within a tissue section and determined an average expression level for that tissue section. We determined the level of LAMB4 protein within the myenteric plexus of sigmoid colon tissue from control patients and patients carrying LAMB4 variants by quantification of immunofluorescent staining, normalized to the level of S100 staining within the same region. The levels of expression within myenteric plexus were consistent within a single tissue sample.
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